Abstract-The full-vectorial beam-propagation method is applied to the assessment of the coupling characteristics between strongly guiding waveguides stacked laterally. The polarization crosstalk behavior of square waveguides stacked laterally is demonstrated by the eigenmode and beam-propagation analyses. In order to make use of the polarization crosstalk constructively, we determine the vertical spacing between the two square waveguides. Almost complete conversion can be obtained, when the two waveguides are stacked diagonally. Another coupler composed of two rectangular waveguides is studied to realize the polarization conversion without exchanging the power with the same polarization. A crossing-waveguide-type polarization converter is also developed, with a short device length of less than 80 m at a wavelength of 1.55 m.
I. INTRODUCTION
A DIRECTIONAL coupler plays significant roles in power division, modulation, switching, frequency selection, polarization selection, etc. The directional coupler is divided into two types, i.e., planar type and stacked type.
Vertical coupling between strongly guiding waveguides attracts attention for realizing optical compact circuits [1] - [3] . A simple eight-channel add-drop filter incorporating microring resonators vertically coupled to buried waveguides on a crossgrid array has been demonstrated [1] , [2] . In [3] , a simple optical add/drop multiplexers based on X-crossing vertical coupler filters with laterally separated input and output waveguides has been demonstrated. For a simple directional coupler, we are often faced with "polarization crosstalk", in which the polarization state changes as the field propagates. Little and Chu [2] have found that the polarization conversion occurs in a vertically coupled microring resonator. Furthermore, Fietz and Shvets have demonstrated that an on-chip dielectric microring resonator can be used to convert the polarization of light signals [4] .
The purpose of this paper is to systematically reveal the polarization conversion behavior of strongly guiding waveguides stacked laterally. The full-vectorial beam-propagation method (FV-BPM) [5] , [6] is used to numerically show the coupling characteristics in detail.
The eigenmodes of the coupler composed of two square cores are analyzed using the imaginary-distance FV-BPM. The polarization conversion length of the even (odd) supermodes is evaluated. The propagating beam analysis shows that the polarization conversion occurs due to the interference between the two even (odd) supermodes.
In order to make use of the polarization crosstalk constructively, we next determine the vertical spacing between the two square cores using the imaginary-distance FV-BPM. Almost complete conversion can be obtained, when the two cores are stacked diagonally. For the propagating beam analysis, the input transverse-magnetic (TM) mode field is converted into the transverse-electric (TE) mode field with a guided-mode power of 98%.
Next, we analyze the coupler composed of two rectangular cores [7] so that the polarization of the input field may be converted without exchanging the power with the same polarization. For the eigenmode and propagating beam analyses, the polarization of the input field is converted, as the field propagates, while no significant interference occurs between the even and odd supermodes.
Finally, we study a crossing-waveguide-type polarization converter. A device length of less than 80 m is obtained, when the crossing angle is chosen to be around 2.2 at a wavelength of 1.55 m.
II. NUMERICAL METHOD
The FV-BPM is formulated using the coupled paraxial wave equations with the two transverse electric field components and [5] (1)
where is the wavenumber in free space, is the refractive index profile, and is the reference refractive index to be appropriately chosen. In deriving (1) and (2), we assume that the refractive index varies slowly along the -direction together with the slowly varying envelope approximation:
. As will be discussed later, we treat a waveguide whose maximum tilt angle from the -axis is 1.25 in this paper. If a larger tilt angle is treated, a wide-angle formula will be desirable.
To discretize (1) and (2), we employ the pure Crank-Nicolson scheme [6] , which has better stability than the McKee-Mitchell scheme [8] . The field discontinuities across the interfaces between different materials are taken into account using the improved finite-difference formulas [5] .
The imaginary-distance BPM [9] is employed to analyze the eigenmodes of the coupler composed of two cores. In the imaginary-distance procedure, the propagation axis is taken to be the imaginary axis, i.e.,
. The propagation constant can easily be calculated by (3) where and indicate the propagation step length and the position along the propagation direction, respectively.
Although exact TE and TM modes do not exist in 3-D waveguides, in this paper we simply use the expression of TE and TM modes, which corresponds to and modes, respectively. Fig. 1 shows the cross section of the coupler whose two square cores are stacked laterally. The refractive indexes of the core and cladding are chosen to be and , respectively [10] (the relative refractive-index difference is calculated to be ). The width of the square core is taken to be m for single-mode operation. The lateral spacing between the two cores is set to be m. The vertical displacement between the centers of the two cores is designated as . Throughout this paper, the wavelength is fixed to be 1.55 m. The sampling widths arefixed to be 0.02 m. In the imaginary-distance FV-BPM, the propagation step length is set to be 0.05 m.
III. COUPLER COMPOSED OF TWO SQUARE CORES

A. Coupling Characteristics
We first evaluate the coupling characteristics for 0.4 m. In this case, the top side of Waveguide #1 and the bottom side of Waveguide #2 are in contact with the plane. The eigenmode analysis shows the existence of two even supermodes ( and ) and two odd supermodes ( and ), as shown in Figs. 2 and 3, respectively. Note that the two even (odd) supermodes degenerate as the refractive index difference is decreased. Hence, for weakly guiding waveguides, power transfer occurs between the waveguides according to the difference of the phase constants of the even and odd supermodes without generating polarization conversion. However, for strongly guiding waveguides, the phase constants of the two even (odd) supermodes are appreciably different, so that the interference between the two even (odd) supermodes occurs with polarization conversion. When one of the waveguides (e.g., Waveguide #1) is excited with the fundamental TM mode of the isolated waveguide, the four supermodes are simultaneously excited. This leads to the power transfer between the two waveguides with polarization conversion, as the field propagates.
Next, we evaluate the polarization conversion lengths. The polarization conversion lengths obtained from the even and odd supermodes are, respectively, calculated as follows: (4) (5) where and are the phase constants of the and supermodes, and and are those of the and supermodes, respectively. The eigenmode analysis shows that 157 m and 303 m. We now evaluate the coupling characteristics, using the propagating beam analysis. Fig. 4 shows the normalized power of each field component as a function of propagation distance. It is seen that the polarization conversion is incomplete. Note that the polarization conversion is caused due to the interference between not only the even supermodes but also the odd supermodes. For example, if the polarization conversion occurs due to the interference between only the even supermodes, the propagating field should return to the input field at 310 m because of the polarization conversion length of 157 m. However, the propagating field does not restore the input field at 310 m, because the polarization conversion also occurs due to the interference between the odd supermodes. The former (latter) conversion length observed in the propagating beam analysis is in good agreement with calculated by the eigenmode analysis. It follows that efficient polarization conversion cannot be obtained, and the so-called polarization crosstalk is observed. It is also seen that the propagating field almost restores the input field at 620 m, because of 620 m. Fig. 5 shows the guided-mode power observed along each waveguide against propagation distance. The polarization crosstalk from the TM mode to the TE mode and vice versa are seen as the field propagates, while transferring the power between the two waveguides.
The field distributions for the TM and TE modes at 0.2 m are illustrated in Figs. 6 and 7, respectively. It is observed that the propagating field couples between Waveguides #1 and #2. It is also observed that part of the input TM mode is converted into the TE mode.
B. Polarization Converter Using the Polarization Crosstalk
In order to make use of the polarization crosstalk constructively, we next determine the vertical spacing between the two cores. The complete polarization conversion depends on whether is an odd integer multiple of or not. Hence, we first assess the polarization conversion length of the even (odd) supermodes. Fig. 8 shows the polarization conversion length against . It is seen that is very close to over a range of 0.8 m to 1.2 m.
Since the polarization conversion occurs due to the interference between the two even (odd) supermodes, the two even (odd) supermodes have to be equally excited for efficient polarization conversion. Therefore, we next assess the overlap integral between each even (odd) supermode and the fundamental TM mode of the isolated waveguide. Fig. 9 shows the overlap integral against . It is seen that, for 0.4 m, the four supermodes are almost equally excited and the interference between the two even (odd) supermodes occurs with polarization conversion. As a result, we choose a vertical spacing of 0.8 m, which corresponds to the case where the two cores are stacked diagonally.
Since the vertical spacing has been determined, we next assess the performance of the converter. Fig. 10 shows the normalized power of each field component for 0.8 m as a function of propagation distance. It is seen that the polarization conversion becomes almost complete at 360 m. This result is again in good agreement with the eigenmode analysis shown in Fig. 8 . Fig. 11 shows the guided-mode power for 0.8 m against propagation distance. As expected, almost complete conversion can be obtained at 360 m, although there still exists the rapid variation of the guided-mode power along the waveguides.
IV. COUPLER COMPOSED OF TWO RECTANGULAR CORES
So far, it has been found that the almost complete polarization conversion occurs due to the interference between the two even (odd) supermodes. We should recall, however, that the interference also occurs between the even and odd supermodes, resulting in the rapid variation of the guided-mode power along the waveguides. To suppress the field variation, we next consider the coupler composed of two rectangular cores shown in Fig. 12 . The core with 0.4 m is used, and and are fixed to be 0.2 m. Other configuration and computational parameters are the same as those used in Fig. 1 . The vertical spacing between the cores is redefined in Fig. 12 .
The eigenmode analysis again shows the existence of two even and two odd supermodes, as shown in Figs. 13 and 14 , where the change of the sign of the field is observed. To assess the coupling characteristics, we evaluate the overlap integral between each even (odd) supermode and the fundamental TM mode of Waveguide #1. Calculation shows that the overlap integral between the even supermode ( or ) and the fundamental TM mode is more than 98%, while that between the odd supermode ( or ) and the fundamental TM mode is less than 1%. This is due to the fact that the field is predominantly distributed in one of the two waveguides. For example, the TM-mode field is distributed in Waveguide #1 for the two even supermodes, and the TM-mode field is distributed in Waveguide #2 for the two odd supermodes. This means that, when Waveguide #1 is excited with the fundamental TM mode, only the two even supermodes are excited. As a result, the polarization of the input field is converted, as the field propagates, while no significant interference occurs between the even and odd supermodes. 15 shows the normalized power of each field component as a function of propagation distance. It is seen that almost complete conversion can be obtained at 1300 m. The effect of suppressing the rapid variation of the power is clearly seen in Fig. 16 , which shows the guided-mode power as a function of propagation distance. As expected, almost complete mode conversion can be obtained at 1300 m, while suppressing the rapid power transfer between the waveguides.
V. CROSSING-WAVEGUIDE-TYPE POLARIZATION CONVERTER
The study in the previous sections has showed that only the excitation of either the even supermodes or the odd supermodes is necessary to realize the polarization converter. It is readily expected that the spacing should be small to achieve a short conversion length. However, this results in the excitation of undesirable supermodes with the rapid power variation along the waveguides. In this section, we, therefore, develop a polarization converter composed of crossing waveguides. Fig. 17 shows the configuration of a crossing-waveguide-type polarization converter. We excite the field of the TM mode from Waveguide #1 and extract the TE mode in Waveguide #2. The crossing angle is designated as . The configuration parameters are taken to be the same as those of Fig. 12 . The vertical spacing between the cores is taken to be 0 m. The sampling widths are set to be 0.01 m and 0.025 m. We should again recall that when the square cores are used, the interference occurs between the even and odd supermodes, with subsequent rapid variation of the guided-mode power along the waveguides. It follows that the power with polarization conversion is, in general, distributed in both waveguides. The waveguide to which the power is outputted also depends on the crossing angle. This results in a complicated design procedure. Therefore, the suppression of the rapid variation of the power using the rectangular cores is important in practice.
To assess the performance of the polarization converter, we evaluate the guided-mode power. Fig. 18 shows the guidedmode power as a function of crossing angle . We calculate the guided-mode power using the propagating field at the output and the fundamental TM (TE) mode of Waveguide #1 (#2). It is found that the minimum guided-mode power of the TM mode is calculated to be 0.04 at and 0.05 at , respectively. In contrast, it is also found that the maximum guided-mode power of the TE mode is calculated to be 0.94 at and 0.95 at , respectively. For , the device length is shorter than that for . We, therefore, choose . Fig . 19 shows the guided-mode power for as a function of propagation distance. It is observed that the incident TM mode is converted into the TE mode at m (the polarization conversion mainly occurs over a region of 20-60 m). It should be noted that the device length of this converter is significantly shorter than that of the coupler composed of the two rectangular cores shown in Fig. 12 .
VI. CONCLUSION
We have evaluated the polarization coupling between strongly guiding waveguides stacked laterally using the FV-BPM. The eigenmode analysis shows the existence of four supermodes, suggesting the polarization conversion due to the interference between the two even (odd) supermodes. We evaluated the polarization conversion length of the even (odd) supermodes. For the propagating beam analysis, it is confirmed that the polarization conversion occurs due to the interference between not only the even supermodes but also the odd supermodes. The conversion lengths are in good agreement with those calculated by the eigenmode analysis. In order to make use of the polarization crosstalk constructively, we next determine the vertical spacing between the two waveguides. For the propagating beam analysis, the input TM-mode field is converted into the TE-mode field with a guided-mode power of 98%, when the two waveguides are stacked diagonally. We have also found that a coupler composed of two rectangular cores becomes an efficient polarization converter. In the case of the rectangular cores, the polarization of the input field is converted, as the field propagates, while no significant interference occurs between the even and odd supermodes. Finally, a crossing-type polarization converter has been analyzed. The polarization converter, which consists of the crossing rectangular waveguides, leads to a reduction in the device length.
